This paper presents a design of multi-band array antenna based on Double Negative Metamaterial (DNM) unit cells for multi-automotive applications. The antenna consists of 4 × 4 rectangular and circular radiating patches connected in series using microstrip lines and fed by a 50 Ω corporate microstrip line. An array of 4×6 wire loaded complementary spiral resonator (CSR) unit cells is placed on its reverse side to provide miniaturization and multiband features to the proposed design. The reflection coefficient (S 11 ), mutual coupling, effective diversity gain (EDG), envelope correlation coefficient (ECC), and radiation patterns are evaluated for four elements of the proposed antenna placed in four different locations on the car body model. Simulations and measurements indicated that the proposed antenna features a low mutual coupling (< −34 dB), low ECC (< 0.01), high EDG (> 9.995), high efficiency (72%-95%), and low on-car detuning over the desired five bands; 1.99 GHz to 3.03 GHz, 5.15 GHz to 6.369 GHz, 7.67 GHz to 7.99 GHz, 9.91 GHz to 10.23 GHz, and 11.79 GHz to 12.2 GHz. The performance of ECC between four antennas on car body has been investigated in different cases of isotropic, indoor, and outdoor. The metallic effect on antennas performance also has been investigated by evaluating the mutual coupling and transmission coefficient between two antennas served as transmitter and receiver with presence of car body. The results show transmission coefficient of proposed DNM antenna with metallic presence almost identical to free space across desired frequency bands. With all capabilities mentioned the antenna has potential for WiFi/WiMAX, Vehicleto-Vehicle (V2V), transportable earth exploration satellite, military requirement for land vehicles, and earth stations on vessels applications.
INTRODUCTION
Nowadays, the demand for antennas in wireless communication system for automotive applications is rising at a rapid rate [1, 2] . Their usage includes collision avoidance system (CAS), Vehicle-to-vehicle communications, pre-crash safety systems, Global Positioning Systems (GPS), tyre pressure monitoring system (TPMS), Wireless Local Area Network (WLAN), etc. To enhance its effectiveness in these new applications, a small, multi-band, multi-functional antenna is required instead of conventional single band antennas [2, 3] . Such multifunctional antennas with favourable radiation characteristics are more practical in addressing modern antenna design requirements. However, the achievement of the above mentioned antenna's features using conventional materials and structures is challenging [4] .
One popular solution to improve the electromagnetic waves characteristics and physical features of antennas is to use metamaterial unit cells structures [5] . Metamaterials are materials typically engineered using synthetic structures to produce exceptional electromagnetic properties that could not be achieved in nature [6] . In particular, metamaterials with negative permittivity and permeability are now used in antenna designs that exhibit a high size miniaturization factor with multiband behaviour [7] . Double negative material was first implemented in a periodic array using split ring resonators and wire strips [6] . The excitation of number of split ring resonators (SRRs) and long wire strips enabled a structure that has both negative magnetic properties (from the SRRs) and negative dielectric features (from the wire strips). Their electromagnetic wave characteristics are retrieved by studying the transmission and reflection parameters [8] . Rather than using split ring resonators and wire strips, a wire loaded CSR can exhibit characteristics of a DNM with increased miniaturization factor and multiple operating frequency bands for an antenna [9] .
In this research, we propose a 4 × 4 series-fed antenna array loaded with a 4 × 6 CSR DNM array of unit cells. The proposed antenna sized at 0.24λ × 0.4λ × 0.004λ operates in five frequency bands centered at 2.4, 5.9, 7.8, 10 and 12 GHz. The antenna is assessed on a car's body in four locations; front, back, right and left. To our best knowledge, this is the first antenna based on DNM investigated for automotive applications. It provides a low mutual coupling, low ECC, high EDG, and radiation efficiency of at least 72% within its operating bands. Moreover, the transmission coefficient of the proposed antenna for assessing the car body metal influence on antenna performance are analyzed as well. Its omnidirectional radiation characteristics are also validated to be suited for multi-functional vehicular applications. The next section describes the antenna topology and the CSR unit cells, followed by the investigation of its performance in free space and when placed on a car at different locations in Section 3. Finally, we conclude this work in Section 4.
ANTENNA DESIGN AND FABRICATION PROCEDURE

Design of the Wire Loaded CSR Unit Cell
The proposed CSR uses a Rogers RT/Duroid 5880 substrate with a permittivity (ε r ) of 2.2, loss tangent (tan δ ) of 0.0009 and thickness of 0.51 mm. It consists of three wire rings, and each smaller ring is connected to the outer ring with 0.45 mm width. Its geometrical parameters are tabulated in Table 1 . 
In this work, the unit cell is simulated using finite-difference time domain (FTTD) solver in CST Microwave Studio to obtained S-parameters (S 11 , and S 21 ). Figure 1 (a) demonstrates the simulation setup for the proposed unit cell. It has been positioned between two identical waveguide ports on the positive and negative z-axis with a 50 Ω impedance. The reflection coefficient (S 11 ) and transmission coefficient (S 21 ) then obtained by the instantaneous excitation of magnetic and electrical dipoles incident on the proposed CSR unit cell and plotted in Figure 1 (c). The effective permittivity, permeability and refractive index retrieved from S 11 and S 21 using common method known as S-parameters retrieval that has been introduced in [8] . The effective metamaterial parameters then extracted using equations as described in [8, 9] :
where k 0 , d, Z, n, ε, and μ are the wave vector of the incident wave, thickness of the unit cell slab, impedance, refractive index, the relative effective permittivity, and the relative effective permeability, respectively. The effective permittivity, permeability and refractive index are illustrated in Figures 1(d) and (e). Figure 2 illustrates the topology of the proposed antenna array. A microstrip array is chosen in this work due to its planar structure and ease of integration with other microwave structures in automobile applications [10] . The array is formed on a RT/Duroid 5880 substrate using 16-rectangular and circular radiating elements and is fed by a combination of series and corporate feed network as shown in 
Antenna Design
EXPERIMENTAL RESULTS AND DISCUSSION
The proposed antenna is first assessed in free space prior to its performance evaluation on a car model. Figure 3 depicts the reflection coefficient, gain and efficiency. Reflection coefficients (S 11 ) are below −16 dB within the operating frequency bands. The optimum antenna gain of 7.5 dB is achieved in the third band. Nonetheless, gain of the antenna remained between 3 dB and 5 dB in the other bands. In general, the radiation efficiency of the proposed antenna is satisfactory in all bands as can be seen in Figure 3 . Higher radiation efficiencies, with a maximum of 95% is observed in the lower bands due to decreased losses. Additionally, the performance of the proposed antenna array (S 11 , gain and efficiency) is evaluated by simulation when the metamaterial unit cells are not presented. The first evaluation was performed when the antenna is partially grounded (l g = 5 mm). The result of S 11 is presented in Figure 4 (a). The second and the fourth bands were eliminated. Moreover, the gain and efficiency of the antenna are slightly decreased (see Figure 4 (b)) in comparison with metamaterial antenna. The second investigation was performed when the antenna has no unit cells and fully grounded with copper. The antenna observed to operate only at a single band of 6.5 GHz while the remaining bands are eliminated as can be seen in Figure 4(a) . Furthermore, the gain and efficiency of the antenna are significantly dropped as depicted by Figure 4(b) .
This section describes the antenna performance by placing it on a car body. The car used in this work is Opel Tuned model shown in Figure 5 where the rear quarter window and antennas are clearly seen. The model has been derived from CAD data, refined and cleaned into a suitable with detail electromagnetic model as depicted in Figure 5 . The model combines both external and internal components as inner door skins, steering mechanism and internal furnished things. Those parts have been omitted in the simulation in order to keep it as simple as possible. CST microwave studio has been used for simulation based on finite integration time domain method. The CAD model has been inserted as "Object" file, and the direct importation of this "obj" into the simulation tool faces difficulties. This is due to the size of the car model which is very large compared to antenna and overall mesh provided by the simulator was very high. Furthermore, it needs simplification to reduce the car body size with mesh which has been solved using "mm" scale. After simplification. It is sized at 3. the behaviour of those antennas is quiet good. Antennas 1&2 and antennas 3&4 have been placed at same alignment and in the flat portion of car body so that it can be fully attached with car body. Such location is important to evaluate radiations and mutual coupling between antennas that can be used for multiplicity applications. Figures 6(a) and (b) illustrate the simulated reflection coefficients (S 11 , S 22 , S 33 , S 44 ) and mutual coupling (S 21 , S 31 , S 41 , S 23 , S 24 , S 34 ) between all four antennas. The reflection coefficients for all antennas placed on the car is below −15 dB while mutual coupling stated of more than 34 dB in all bands. It is observed that mutual coupling is affected by the distance, positions and medium including metallic car body, see Figure 6 (b). It shows that position of the antenna is effected more compared to frequency which dictate a uniform pattern. For example, at the frequency of 7.67 GHz, the S 43 (antenna's position of left and right) shows the higher mutual coupling effect compared to S 21 , S 31 , S 41 , S 32 and S 42 . Nonetheless, S 43 still scores a good coupling value of −45 dB. This proves that the coupling of S 43 which is separated by three layers, two metals and a hollow in between has minimum impact on mutual coupling. Such low mutual coupling indicates that the metallic car body has slightly effect on reflection coefficients and mutual coupling of the antennas at different positions and subsequently improve the channel capacity of the multi antennas across the five desired bands.
Instead of mutual coupling, more comprehensive investigation on the metallic body effect on antenna performance is realized by analyzing the insertion loss (S 21 ). Here, the S 21 is a parameter of transmission coefficient and not the mutual coupling. Figure 7(a) shows the free space simulation setup while 7(b) simulates two antennas separated by a metallic body with 7.69 × 10 6 S/m electrical conductivity. Note that antenna 1 serves as a transmitter and antenna 2 serves as a receiver. Figure 7 (c) shows S 21 of between −35 dB and −62 dB when both antennas are radiated in free space. However, it is noted that the transmission coefficient of metallic car body presence is almost identical with free space. In theory, objects in contact or in close proximity to an antenna, such as highloss and high-dielectric human body and metallic objects, will severely degrade the antenna radiation efficiency due to reduction in the antenna radiation resistance [11] . By intuition, the antenna tends to radiate efficiently when the antenna electrical size is in the same range as the wavelength, indicating that favourable antenna geometry is required for good radiation efficiency performance as well. Thus, for a minimum frequency of 1.99 GHz, the electrical length of the antenna should more than 15.789 × 15.789 cm 2 . However, the proposed DNG metamaterial antenna designed with dimension of 5.0 × 3.0 cm 2 managed to have a very minimum transmission degradation. Nonetheless, such minimum degradation caused by the metallic body still be acceptable. This is due to a small loss resistance that is in the same order of magnitude as the radiation resistance, which is enough to sustain the radiation efficiency, contributed by the proposed DNG metamaterial antenna.
On the other hand, two critical parameters to characterize the multi-antenna capability are the envelope correlation coefficient (ECC) and effective diversity gain (EDG). Diversity performance between antennas can be evaluated by envelop correlation coefficient (ECC) which can be determined from total far field radiation pattern [12] . The effectiveness of diversity in term of diversity gain can be calculated using Eq. (6) [13] EDG = 10 * (1 − |Ecc|) ( 6 ) Figure 8 demonstrates variation of ECC and EDG of the four antennas on the car model. For evaluating envelop correlation coefficient between four antennas on car body, different cases have been considered. Figure 8(a) depicts the ECC on outdoor cases where cross polarization ratio (XPR) = 1 is implemented using Gaussian for elevation and uniform for azimuth [12] . It shows that a low ECC (< 0.01) have been achieved in all cases when the four antennas are placed on car body while Figure 8 (b) depicts that EDG which are computed at 1% are closely to 10 dB across desired bands. Such results proven that the antennas applied on the car model have a good diversity performance and suitable channel characteristics. This is further strengthened by Table 2 which presents the other two cases of ECC which are isotropic where XPR = 0 and indoor cases where XPR = 6. Figure 9 depicts the 3D radiation patterns of the four antennas on car body model. For the sake of brevity, three-dimensional radiation patterns are presented for two bands: at 2.4 GHz (first band) and 12 GHz (fifth band). As can be observed form Figures 10(a)-(h) , the gain of the antennas have been increased (up to 9 dB at 12 GHz) when they are placed on car body due to the present of metallic surface. It acts as a reflector for the antennas and the radiation patterns become slightly directed toward the free space [14] . Figure 10 presents the simulated and measured radiation patterns of the proposed antenna in the H-plane at 2.4 GHz, 5.9 GHz, 7.8 GHz, and 10 GHz. Measurements were performed in an anechoic chamber using a E8051C Network Analyzer. The measured radiation patterns agree well with simulation indicating that the proposed antenna has good performance.
CONCLUSION
A multi-band array based on Double Negative Metamaterial (DNM) unit cells for vehicular applications is presented. The proposed antenna covers five bands with center frequencies at 2.4/5.9/7.8/10/12 GHz which can fulfill the requirement of WiFi/WiMAX, vehicle to vehicle (V2V), transportable earth exploration satellite, military requirement for land vehicles, and earth stations on vessels applications, respectively. Its performance is first evaluated in free space. It is then placed on four different locations of a car model, excited simultaneously and examined in terms of reflection coefficient, antennas mutual coupling, ECC, EDG, insertion loss and radiation patterns. The proposed antenna shows an excellent capability of mitigating detuning caused by the body of the car by featuring a low mutual coupling (< −34 dB), low ECC (< 0.01), high EDG (> 9.99) and good radiations features.
